biosensors have previously achieved sensitivities down to the single molecule and protein level 11, 12 . 36
However, their potential for intracellular sensing remains largely unexplored as integration into 37 biological systems requires further miniaturization, self-sustained and prolonged emission of light, and 38 data analysis protocols with improved robustness. Recently, microlasers were proposed as novel 39 optical tags to uniquely discriminate hundreds of thousands of cells [13] [14] [15] [16] . 40 41 polystyrene microspheres with a diameter between 10 to 20 µm were used as efficient and robust 50 microscopic WGM lasers that show multi-mode emission under remote optical pumping. 13 These 51 lasers were actively internalized by different types of cardiac cells ( Supplementary Figs. 1 and 2 ). Upon 52 CM contraction, individual peaks in the emission spectrum of the lasers showed a spectral red-shift 53 (typically, Δλ 50 pm; Fig. 1d ). Due to the bright and narrowband laser emission, the wavelength of 54 each lasing mode can be monitored rapidly (acquisition rate, 100 Hz) and accurately (spectral 55 resolution, 1 pm), revealing pulse-shaped perturbations in lasing wavelength synchronized across all 56 modes and coincident with the spontaneous contractions of the cell (Figs. 2a, 2b 
83
Of the 2 pairs of TE and TM lasing modes required for fitting to the optical model, the brightest mode 84 typically has a lasing threshold below 1 mJ/cm² (corresponding to <1 nJ/pulse, Fig. 2d ). Above 85 threshold, this mode rapidly increased in intensity to become 2 to 3 orders of magnitude more intense 86 than the bulk fluorescence of the microlaser. Single pulse excitation at around 1 mJ/cm 2 can be 87 therefore used to accurately determine the spectral position of this mode ( Supplementary Fig. 3 ). By 88 comparison, the least intense mode of the 2 pairs required 10 to 50 times higher pump energy to pass 89 the lasing threshold and to determine its spectral position with sufficient accuracy to ensure 90 convergence of our fitting algorithm. Furthermore, we found that the periodic changes in RI due to 91 cardiomyocyte contraction can be utilized to determine the sensitivity (S) of each laser mode (Fig. 2e,  92 Supplementary Fig. 4 ). Using S and tracking the spectral position of just the brightest lasing mode then 93 allows calculation of a linearly approximated external refractive index ext * , which means the pump 94 energy can be reduced by at least one order of magnitude. This calibration protocol enabled real time 95 RI sensing, allowed continuous yet non-disruptive read-out (Fig. 2f) and greatly improved the 96 robustness of the approach under challenging experimental conditions (see below). 97
Analysis of multiple CMs furthermore revealed that contractions consistently led to an increase of 98 cellular RI which indicates the presence of a highly reproducible physiological process that alters the 99 optical properties of CMs depending on the activation state of their contractile elements (Fig. 2g) . 100
To identify the origin of the RI increase during CM contraction we analysed the 3D organization of 101 myofibrils, cellular organelles which comprise repeating contractile elements called sarcomeres. Fig. 6 ) 13 , we were able to perform repeated monitoring of single neonatal CMs 138 (Fig. 4a) . Normalized contractility profiles (Fig. 4b) showed high temporal regularity with minimal 139 beat-to-beat variations in pulse width (FWHM, Fig. 4c ) and contraction time (tcon, Fig. 4d ). For the 140 example in Fig. 4a , after 42 h, we observe the spontaneous transition into tachycardia which is 141 typically accompanied by increased myocardial tension at elevated beating rates (Bowditch effect), a 142 fundamental process underlying the force-frequency relationship of the heart 21 . At the cellular level, 143 this is caused by increased contractility, which we detected as a step-like increase in the maximum 144 and baseline ext (black arrow in Fig. 4a (Fig. 4e) . While the effect of nifedipine on voltage-gated Ca 2+ -163 channels and subsequent intracellular Ca 2+ dynamics is well documented 22, 23 , the effect on 164 contractility (Fig. 4f) is less well understood as it is difficult to access in neonatal and iPS-derived 165 cardiomyocytes. After administration of nifedipine and following a short period of adaptation, 166 spontaneously beating neonatal CMs showed strongly reduced contraction and relaxation speeds 167 (Fig. 4g) , consistent with a reduced concentration of cytosolic Ca 2+ . Furthermore, while we observed 168 that nifedipine increased the pulse-to-pulse variability in Δ ext , the time to reach the maximum 169 contraction changed only marginally (Fig. 4f) . The lower contraction speed was therefore largely 170 caused by reduced contractility of the cell within the same contraction time which is most likely a 171 result of the calcium dynamics being only slightly affected by nifedipine 22 . Interestingly, this leads to 172 a linear relationship between the mechanical dynamics (contraction speed) and the maximum density 173 change a cell can produce (Δ ext ), with the latter levelling off with increasing maximum contraction 174 speed (Fig. 4h) . Assuming that the saturation contractility of Δ ext 0.002 observed prior to 175 administration of nifedipine is limited by the number of cross bridges that contribute to force 176 generation, only about 25% of these cross bridges bind to thin filaments in the presence of 500 nM 177 nifedipine. 178 
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Scale bar, 50 µm. g, ext (red spheres) and ext * (blue line) calculated using sensitivity calibration.
187
Microlaser contractility measurements can also be combined with all-optical electrophysiology 188 platforms 22, 23 . Simultaneous laser spectroscopy and calcium imaging were performed on fully 189 differentiated mouse CMs that comprise highly organized myofibrils and a transverse tubular system 190 ensuring synchronized calcium release and rapid contraction throughout the cell (Figs. 5a and 5b,  191 Supplementary Video 3). Being non-phagocytic, adult CMs are not able to actively internalise 192 microlasers; so we instead measured spectral changes in the emission of microlasers that were in 193 contact with the cell membrane. Transient profiles of single adult CMs again showed contractions as 194 periodic increases in RI, albeit with smaller amplitude than before (Fig. 5c, Supplementary Fig. 7) , 195 demonstrating that Δ ext depends on the volume overlap of the evanescent component of the lasingmode with the myofibrils. However, consistent with our previous observation, the RI transient showed 197 a direct correlation with sarcomere length (Fig. 5c) , confirming a contraction-induced change in 198 myofibril density. We also compared the contractility profile to the profile of cytosolic Ca 2+ and found 199 a characteristic latency time of 30 ms between calcium signalling and force development while the 200 maximum contraction speed coincided with peak Ca 2+ concentration (Fig. 5c) . 201
Having demonstrated intra-and extracellular sensing in vitro, we next implemented our technique in 202 live zebrafish, a model organism with remarkable capabilities to repair and regenerate large fractions 203 of the heart 24 . Microlasers were injected by a microneedle (Fig. 5d) , placing them at the outer wall of 204 the atrium (Figs. 5e and 5f ). Extracellular sensing rather than direct intracellular injection was 205 Video 4), the intensity of individual modes varied strongly, and the lower intensity TM modes were 210 not detected for a large fraction of the contraction cycle. However, after calibrating the sensitivity of 211 the microlaser from time-points that contained a sufficient number of modes (Supplementary Fig. 9 ; 212 c.f. Fig. 2d ), we were able to construct complete contractility profiles for the beating zebrafish heart 213 (Fig. 5g) . A measurement performed at a more posterior position of the atrium revealed a significantly 214 longer systolic plateau ( Supplementary Fig. 10 ), demonstrating locally resolved contractility profiles 215 under in vivo conditions. 216
Restoring cardiac function after severe heart injury remains a major clinical challenge due to the low 217 capacity of the adult mammalian heart to produce new CMs Our spectroscopic contractility technique is expected to be more resilient to scattering than imaging-228 based methods since scattering in biological tissue is elastic and hence does not alter spectral 229 characteristics. Furthermore, the nanosecond-pulsed pumping in combination with single-shot read-230 out applied here virtually eliminates temporal averaging effects that represent a common source of 231 motion artefacts in intravital confocal or light sheet microscopy. 30 This can be combined with recent 232 advances in focussing of light deep into scattering tissue 31 , to achieve remote and non-invasive 233 monitoring of cardiac function in vivo. By providing single cell specificity, long-term tracking, and 234 reduced sensitivity to scattering, microlasers introduce new possibilities for translational approaches 235 that extend well beyond current microscopy-based techniques, offer reduced complexity, and impose 236 fewer experimental restrictions. 237
In the future, implementing our recently developed semiconductor WGM nanolasers 32 or plasmonic 238 nanolasers 33,34 will improve and simplify internalization further, eliminate any mechanical restriction 239 of the laser probes and drastically reduce the required pump energy. However, surface passivation, 240 heat management and advanced calibration protocols are needed for these single mode lasers before 241 a comparable degree of bio-compatibility and RI sensitivity can be achieved. Furthermore, using high 242 throughput chip-based devices 35 Competing interests All authors declare no competing interests.
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